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Modified lipophilic polymers for the purification of water 



Technical Field 

5 The present invention deals with modified lipophilic polymers and specifically with the 
preparation of modified lipophilic dendrimeric and hyperbranched polymers and their 
application for encapsulating organic compounds contained in water and which are 
contributing to its pollution. 

10 Background of the invention 

The currently available and established methods for water purification do not 
have the capability of removing organic pollutants at the level of a few parts per billion 
(ppb). In contrast to the inorganic metal ions, the organic pollutants do not bind to the 
polymeric resins and do not solidify to mineral materials. The conventional methods of 

15 water purification employ either filtration through active carbon or reverse osmosis. 
Active carbon removes organic compounds, it however fails to remove a large number 
of organic pollutants at the level of a few ppb. Other materials such as zeolites have 
well-defined permeability but have little affinity to the organic compounds present in 
water. In addition active carbon and zeolites absorb moisture and therefore they are 

20 not effective in water. On the other hand, although reverse osmosis has been 
successfully used for the desalination of water, operation at high pressures is required, 
usually 20-100 bar, and as a consequence large energy consumption is required for 
achieving effective separation. It is also impossible to achieve 100% water recovery 
because pressure increases as more water is forced to pass through the dense 

25 membrane. For this reason the continuation of separation procedure becomes non- 
practical. In addition reverse- osmosis cannot remove all -small molecules from water- - 
because the membrane is not completely semipermeable. As a result - a small 
concentration of organic molecules usually leaks to the purified water. More effective 
for water purification from organic pollutants is the preparation of modified lipophilic 

30 polymers bearing nanocavities and their application for encapsulating organic 
pollutants. 

By now, known cases for the preparation of certain lipophilic polymers and their 
application for encapsulating organic compounds contained in water refer to modified 
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cyclodextrin derivatives as described in the article entitled "New Organic Nanoporous 
Polynners and their Inclusion Complexes", Chem. Mater. 1999, 11, 872-874, among 
others. The disadvantage of these known modified polymers is that their nanocavities 
have in each case specific size and shape, which cannot be modified. The 
5 consequence of this disadvantage is that only specific organic pollutants can be 
encapsulated in specific cyclodextrin derivatives. Particularly, the molecule of the 
organic compound must in every case be smaller than or almost of similar size to the 
nanocavity of the cyclodextrin polymer and its shape should match to that of the cavity, 
in order that it is encapsulated and consequently that water purification is achieved. 

10 The result is that organic molecules that are large-sized or of irregular shape cannot be 
encapsulated into the cavities of any kind of cyclodextrin's. In order for water 
purification from organic pollutants to be effective by the use of modified cyciodextrins 
it is required a) each time to know the type of the organic compound contained in water 
that is to be purified, b) each time to prepare the appropriate polymer whose 

15 nanocavities will have the appropriate size in order to be able to encapsulate the 
organic molecules in question. It is therefore obvious that the above disadvantages 
make difficult water purification. Also the cost of water purification by the application of 
cyciodextrins is increased, because many different polymieric derivatives must be 
prepared so as to cover the very large variety of organic pollutants present in water An 

20 additional disadvantage of these modified polymeric cyciodextrins is that they cannot 
encapsulate large organic pollutants because in any case they cannot have cavities 
with diameters larger than 1 1 A. Consequently, when organic molecules with diameters 
larger that 11 A are contained In water, water purification from organic pollutants 
cannot be effective by the application of cyclodextrin polymers. These pollutants will in 

25 every case remain in water, since cyciodextrins cannot have cavities of this size in 

order to encapsulate these molecules. - 

An objective of the present invention is to provide modified lipophilic polymers 
which can encapsulate organic pollutants of a great variety of sizes and shapes and in 
any case of a greater variety than those that cyciodextrins can encapsulate. 

30 The modified lipophilic dendrimeric and hyperbranched polymers, which are 

objectives of the present invention are prepared through modification of the functional 
groups that are located at their surface; the characteristic of these polymers is that the 
nanocavities that they form are not predetermined. These nanocavities are induced by 
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the size of the pollutants that will be encapsulated, or alternatively they will adjust to 
the size of these molecules. 

Therefore, an advantage of the modified lipophilic dendhmeric and 
hyperbranched polymers which constitute the object of the present invention is that 
5 they can be used for the absorbance/encapsulation of lipophilic pollutants, 
i.e. molecules of a large variety of sizes and shapes. This is due to the flexibility of the 
segments of the polymer from the surface of the molecules onwards to the end of the 
lipophilic chains, and also under the surface of the molecules in question (on the 
dendrimeric scaffold of the molecules). This flexibility results in the successful 

10 encapsulation of a large variety of organic lipophilic pollutants of different kinds and of 
different shapes in each material (modified lipophilic dendrimeric and hyperbranched 
polymer) that we prepare and use. Further, it is possible to use the same material for 
the removal of organic pollutants of a large diversity of sizes and shapes. 

In addition, the modified lipophilic dendrimeric and hyperbranched polymers 

15 which constitute an object of the present invention can effectively be used for the 
encapsulation of lipophilic pollutants, the molecules of which may have diameters 
larger than 11 A. 

Summary of the invention 

20 The present invention deals with modified dendrimers of the general formula (I) 

as shown in Figure 1, which have symmetric chemical structure and are also stable 
solid materials. Such modified dendrimeric polymers are, for example, the 
diaminobutane poly(propylene imino) dendrimers modified with lipophilic segments. 

Also, the present invention deals with modified non-symmetric hyperbranched 

25 polymers of the general formula (II) as shown in Figure 2. Such modified . . 
hyperbranched non-symmetric polymers are, for example, the derivatives that result - — 
from the polycondesation of succinic, pthallic or tetrahydropthalic anhydride with 
diisopropanolamine. 

For the symmetric modified dendrimeric polymers of the general formula shown 
30 in Figure 1 and also for the non-symmetric hyperbranched polymers of the general 
formula shown in Figure 2, the symbol (•) can be an atom of a chemical element able 
to form three or more chemical bonds, as for instance nitrogen, or appropriate 
characteristic group. The straight line ( — ) can be inorganic or organic (aromatic or 
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aliphatic or their combination) linking group and (X) can be any long aliphatic chain or 
an aromatic group or their combination which are attached following an appropriate 
chemical process in order to render the polymer lipophilic, as for instance, normal or 
branched aliphatic chain with more than eight carbon atoms. 
5 The stable functional materials of modified dendrimeric and/or hyperbranched 

polymers, which are prepared by the present invention have the property to decrease 
the concentration of organic lipophilic pollutants of a great variety of sizes and shapes 
in water to the level of a few ppb and more specifically to the level of 5 ppb. For 
example, with the application of modified lipophilic dendrimeric and hyperbranched 

10 polymers which we are describing and which are an object of the present invention, the 
encapsulation of organic pollutants ranging from simple hydrocarbons (for Instance 
benzene) to poiyaromatlc compounds (for instance pyrene) is achieved. It is therefore 
obvious that the above mentioned modified dendrimeric and hyperbranched polymers 
can be applied especially effectively for the purification of water from lipophilic organic 

15 pollutants. The water which is purified with the application of the above modified 
polymers is ultra pure and indispensable, among others, for use in pharmaceutical 
industries and in microelectronic industry. 

Furthermore, an object of the invention is a method of synthesis of the above 
modified lipophilic dendrimeric and hyperbranched polymers. In addition, the present 

20 invention describes application methods of the above mentioned dendrimehc and 
hyperbranched polymers for water purification from organic pollutants and also 
methods for removal of these polymers from water together with the pollutants that 
they have encapsulated. 

Furthermore, the same dendrimeric and hyperbranched polymers after being 

25 used for the purification of water can be regenerated from the organic pollutants which 
they have encapsulated, and they can therefore be used again several times; 

Description of the Invention 

The preparation of the above mentioned modified dendrimeric or hyperbranched 
30 polymers, which constitute an object of the present invention, was achieved with the 
modification of the functional groups, which are located at the surface of these 
polymeric molecules. Specifically, long aliphatic chains were attached at the surface of 
dendrimeric and hyperbranched polymers in order to render the modified polymers 
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lipophilic. Similarly, the same results were obtained by cross-linking the above 
mentioned dendrimeric or hyperbranched polymers with aliphatic or rigid aromatic 
moieties rendering the modified polymers lipophilic. 

The lipophilic character and consequently the insolubility of dendrimeric or 
5 hyperbranched polymeric derivatives in water is necessary in order to exclude the 
possibility that the latter polymers of becoming "pollutants" because of their solubility or 
dispersion in water. 

As a result of this process, the above mentioned polymers in addition to their 
insolubility in water they also exhibit nanocavities in their interior, into which organic 

10 impurities are encapsulated. These nanocavities are created by the internal chains of . . 
the dendrimers but also from the aliphatic chains that are attached at their surface. 

In this manner, according to the present invention, stable functional materials 
originating from modified dendrimers or hyperbranched polymers are prepared which 
can reduce the concentration of organic pollutants of water at the level of a few ppb 

15 and more specifically to the level of 5 ppb. Due to the flexibility of the segments which 
constitute the modified polymers and which favor the formation of nanocavities, it is 
possible to encapsulate organic pollutants with a diversity of shapes and sizes. 

The present invention provides also a method for the production of the above 
mentioned materials, according to which dendrimeric or hyperbranched polymers 

20 become insoluble in water due to the introduction of long aliphatic chains employing 
facile synthetic processes. For example, this process is achieved by the reaction of 
surface amino groups or hydroxy groups of dendrimers or hyperbranched polymers 
with reagents bearing long aliphatic chains or aromatic derivatives also bearing 
reactive groups such as epoxide, isocyanate or acyl halide moieties. This is also - - 

25 achieved by the formation of polymeric networks materials based on the starting 

dendrimers or hyperbranchied polymers employing reagents such as diepoxides^ - 

diisocyanate derivatives or diacylhalides as shown in Figure 3. According to this 
method a dendrimeric or a hyperbranched polymer is dissolved in dry chloroform, 
cooled in an ice bath and to this solution is slowly added an excess of isocyanate, 

30 disocyanate, epoxide, diepoxide, acylhalide or diacylhalide derivative under an inert 
Argon atmosphere. To this reaction mixture a catalyst can also be added as for 
instance 4-dimethylamino pyridine and the mixture is allowed to reach to environmental 



5 



wo 2004/065459 



PCT/GR2004/000004 



temperature. It is stirred for several hours and subsequently the product is precipitated 
by an appropriate solvent and dried. 

Typical dendrimers or hyperbranched polymers, which were used are the 
diamine pory(propylene imino) dendrimers of the fourth and the fifth generation and 
5 hyperbranched polymers that result from the polycondensation of succinic, pthallic and 
tetrahydropthallc anhydride with isopropanolamine. These materials do not limit the 
range of the application of the present invention, since any dendrimer or 
hyperbranched polymer can be used as a basic starting material and can be modified 
according to the principles, which are described in the present invention. 

10 Epoxide, isocyanate and acylhalide derivatives are considered the epoxide, 

isocyanate and acylhalide derivatives, which bear aromatic groups or have long 
aliphatic chains or any combination of them. Specifically in the present invention 
octadecyl isocyanate was used. Diepoxides, disocyanates and diacylhalides are all the 
diepoxide, disocyanate and diacylhalide derivatives, aromatic or aliphatic in which the 

15 two epoxy or isocyanate or acylhalide groups are located at the end of the molecule. 

Furthermore in the present invention are described methods of the application of 
the above mentioned dendrimeric and hyperbranched polymers which are objects of 
the invention for the purification of water from organic pollutants as well as methods for 
the removal of polymers together with encapsulated pollutants from water. 

20 A first method of application is the use of a small quantity of powdered lipophilic 

polymeric derivative that is added to water, for purification and which is stirred for 
several hours. Afterwards, the lipophilic derivative which has encapsulated the organic 
pollutants is removed by filtration or centrifugation or a combination of filtration and 
centrifugation. 

25 In a second method of application, the container in which the water for 

purification will be added, is covered with a thin film, which is. prepared, from one of.the 

lipophilic dendrimeric or hyperbranched polymers. The coverage of the container with 
the lipophilic film is achieved by the dissolution of the polymer to a non-polar solvent, 
preferably chloroform and slight heating. It is followed by removal of the solvent with 

30 slow evaporation and continuous stirring- Subsequently the water is added to the 
container, stirred for several hours and subjected to centrifugation or filtration in order 
to remove pieces of the film, which possibly have been detached from the surface of 
the container. 

6 
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An additional method of application is the impregnation of ceramic filters with the 
lipophilic dendrimeric or hyperbranched polymers. This impregnation can be achieved 
by three methods: Simple placing of the ceramic filters to a solution of the lipophilically 
modified dendrimeric or hyperbranched polymers, immersion and application of 
5 ultrasonic waves and finally passing a hot solution of lipophilic polymer through the 
ceramic filter. The impregnated ceramic filters are subsequently used for the 
purification of water through filtration. 

Furthermore, according to this invention the lipophilic dendrimeric or 
hyperbranched polymer has the property of regeneration following its application. The 

10 interior of nanocavities of lipophilic derivatives becomes easily hydrophilic following its 
protonation with strong acids, preferably with hydrochloric acid. The protonated 
derivatives of polymers are freed almost quantitatively from the organic pollutants. 
Subsequently the protonated hydrophilic derivative can be converted again to the 
lipophilic initial derivative with the addition of a base and can be regenerated with 

1 5 filtration. 

A second method of regeneration of lipophilic dendrimeric and hyperbranched 
polymers, which have impregnated ceramic filters, is by treating them with hot solvent, 
which does not dissolve the dendrimer; however, It dissolves lipophilic organic 
pollutants that have been absorbed in their nanocavities. 
20 The examples that follow are given so as to further illustrate the application of 

the present invention. It must be noted that the "parts" mentioned in the following 
examples are in moles. 

Example 1: Synthesis of a Lipophilic Dendrimeric Polymer 

25 One part of diaminobutane poly(propy!ene imino) dendrimer of the fourth 

generation (DAB-32)--was dissolved in dry dichloromethane and. cooled, in ice-water 
bath. Thirty-six parts of n-octadecyl isocyanate were dissolved in dry dichloromethane 
and were slowly added under continuous stirring while argon was conducted in the 
solution. Half an hour following the addition the solution was allowed to reach room 

30 temperature and was kept under stirring for several hours. The product of the reaction 
was precipitated with the addition of methanol and was separated with centrifugation. 
Subsequently, it was Washed several times with methanol, was again subjected to 
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centrifugation and dried. The structure of the product of the formula III shown in Figure 
4 was established with NMR spectroscopy (Table 1) 

Table 1 Chemical shifts of the NMR spectrum of the lipophilic dendrimeric 



5 polymer 



Characteristic group (see formula 1) 


Chemical shift (ppm) 


NHCONH 


6.40 


NHCONH 


6.00 


CH2NHCONHCH2 


3.15 


NCH2CH2CH2N } 




NCH2CH2CH2CH2N } 


2.34 


NCH2CH2CH2NHCONH 




NCH2CH2CH2N 




NCH2CH2CH2CH2N 


1.55 


NCH2CH2CH2NHCONH 




NHCONHCH2CH2CH2 


1.44 


NHCONHCH2CH2(Chi2)9CH3 


1.23 


CH3 


0.85 



Example 2: Synthesis of a Lipophilic Hyperbranched Polymer 

Hyperbranched polymer (1.1 parts) that was prepared by the polycondensation 
of succinic anhydride and diisopropanolamine and which had an average molecular 

10 weight of 1200, was dissolved in dry chloroform in which 3 parts of N,N 4- 
dimethylamlno pyridine were added and cooled into an ice-bath. To this solution 12 
parts of n-octadecyl isocyanate, dissolved in the same solvent were drop-wise added in 

an inert atmosphere. After half an hour the solution was allowed to reach room 

temperature and remained at this temperature for several hours. The product of the 

15 reaction was precipitated with acetonitrile and separated by centrifugation. 
Subsequently it was washed several times with methanol, was again subjected to 
centrifugation and dried. The structure of the product of formula IV, which is shown in 
Figure 5 was established with NMR spectroscopy (Table II). 
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Table 2 Chemical shifts of the NMR spectrum of the lipophilic hyperbranched 
polymer 



Characteristic Group (see formula IV) 


Chemical Shift (ppm) 


ACHa 


1.21 


A'CHa 


1.40 


BCHa 


0.91 


ACH2 




A'CH2 


2.46-2.57 


A'CHz } 




BCH2 


3.33-3.44 


a-CHz 


3.37 


(3-CH2 


1.46 


n(CH2) 


1.29 


ACH 


3.64 


BCH 


4.02 


rcH 


4.76 



Example 3: Synthesis of a Polymeric Network from Dendrimeric Polymers 

5 One part of diaminobutane poly(propylene imino) dendrimer of the fifth 

generation (DAB-64) was dissolved in dry dichloromethane and cooled into an ice-bath. 
6 parts of diisocyanohexane were dissolved in dry dichloromethane and were added 
drop-wise under continuous stirring in the dendrimeric solution under an argon 
atmosphere. Half an hour after the addition, the solution was allowed to reach room 
10 temperature and was stirred for several hours. Subsequently, methanol was added to 
the reaction solution and the product of the reaction was isolated by filtration. It was 
washed with methanol and dried. The structure of the polymeric network -with 
dendrimeric polymers is shown in Figure 3. 

15 Example 4: Method of Purification of Water from Organic Pollutants by the Use of 
Polymeric Films 

Spherical flasks were covered with a thin film prepared from modified 
dendrimeric or hyperbranched polymer through slow evaporation, under rotation, of a 
0.5% chloroform solution. Subsequently in the flasks were added 50 ml of distilled 
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water in which organic pollutants were added. At certain intervals the concentration of 
organic pollutants was determined by fluorescence spectroscopy. As shown in Figures 
6-8 almost complete removal of organic pollutants was observed over a period of two 
hours. 

5 

Examiple 5: Method of Purification of Water from Organic Pollutants by 
Employing impregnated Ceramic Filters 

Impregnation of the ceramic filters was achieved by passing a solution of the 
polymers i.e. of the derivatives of examples 1 or 2 through these filters. Subsequently 
10 the filter was dried under vacuum in order to remove the solvent. The water for 
purification was passed through the impregnated filter. Fluorescence experiments that 
were performed using water that contained polyaromatic pollutants showed that the 
percentage of encapsulation ranged from 93% for pyrene to 99% for phenanthrene and 
fluoranthene (Figures 9, 10, 11). 

15 

Detailed Description of the Figures 

Figure 1 shows schematically a molecule of the general formula of a symmetric 
dendrimeric polymer which is an object of the present invention where the symbol (•) 
can be an atom of a chemical element able to form three or more chemical bonds, as 

20 for example nitrogen, or another appropriate characteristic group, the straight line ( — ) 
denotes inorganic or organic (aromatic or aliphatic or their combination) linking group 
and (X) any long aliphatic chain or aromatic group or their combination which is added 
in order to render the polymer lipophilic, as fpr instance a normal or branched aliphatic 
chain with more than eight carbon atoms. 

25 Figure 2 shows schematically a molecule of the general formula of a non- 

symmetric hyperbranched polymer which is an object of the present invention, where as 
in the case of Figure 1, the symbol (•) can be an atom of a chemical element able to 
form three or more chemical bonds as for example nitrogen, or another appropriate 
characteristic group, the straight line ( — ) denotes inorganic or organic (aromatic or 

30 aliphatic or their combination) linking group and (X) any long aliphatic chain or aromatic 
group or their combination, which is added for rendering the polymer lipophilic, as for 
instance a normal or branched aliphatic chain with more than eight carbon atoms. 
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In Figure 3 is shown a schematic representation of a polymeric network, which 
consists of modified dendrimenc molecules. The straight line ( — ) is an organic 
(aromatic or aliphatic or their combination) linking group. 

In Figure 4 is shown a modified polymeric molecule of diaminobutane 
5 poly(propylene imino) dendrimer of the fourth generation {DAB-32)- 

In Figure 5 is shown a segment of the general formula of a modified 
hyperbranched polymer (HYB) in which the hydrogens that correspond to different 
peaks of the nuclear magnetic resonance spectrum (NMR) are Indicated. 

In Figure 6 Is shown the fluorescence of a phenanthrene solution as a function 
10 of time after the introduction of a solution containing 1 ppm in a flask covered by a thin 
film, which film consists of lipophilic octadecylurea DAB-64 dendrimer. It is obvious that 
with increasing time, the concentration of phenanthrene in water is reduced due to its 
absorption Into the film of the polymer 

In Figure 7 is shown the fluorescence of a fluoranthene solution as a function of 
15 time after the introduction of a solution containing 200 ppb in a flask covered by a thin 
film consisting of lipophilic octadecylurea DAB-64 dendrimer. It is obvious that with 
increasing time the concentration of fluoranthene in water is reduced due to its 
absorption into the film of the polymer. 

In Figure 8 is shown the fluorescence of a pyrene solution as a function of time 
20 after the introduction of a solution containing 100 ppb in a flask covered by a thin film 
consisting of lipophilic octadecylurea DAB~64 dendrimer. It is obvious that with 
increasing time the concentration of pyrene in water is reduced due to its absorption in 
the film of the polymer. 

In Figure 9 is shown the fluorescence of a phenanthrene solution before and 
25 after filtration through a filter impregnated with the lipophilic octadecylurea, DAB-64 
dendrimeric polymer and -with the lipophilic - n-octadecylurethane. -hybrane, 
hyperbranched polymer derivative (HYB). The solution before filtration had a 
concentration of 1 ppm. 

In Figure 10 is shown the fluorescence of a fluoranthene solution before and 
30 after filtration through filters impregnated* with the lipophilic octadecylurea .DAB-64 
dendrimeric polymer and with the lipophilic n-octadecylurethane hybrane 
hyperbranched polymer derivative (HYB). The solution before filtration had a 
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concentration of 200 ppb while after filtration the concentration was at least 10 times 
lower. 

In Figure 11 is shown the fluorescence of a pyrene solution before and after 
filtration through filters impregnated with the lipophilic octadecylurea DAB-64 
5 dendrimeric polymer and with the lipophilic n-octadecylurethane hybrane 
hyperbranched polymer derivative (HYB). The solution before filtration had a 
concentration of 100 ppb while after filtration the concentration was at least 10 times 
lower. 
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